We demonstrated a tunable temporal gap based on simultaneous fast and slow light in electro-optic photonic crystals. The light experiences an anomalous dispersion near the transmission center and a normal dispersion away from the center, where it can be accelerated and slowed down, respectively. We also obtained the switch between fast and slow light by adjusting the external electric filed. The observed largest temporal gap is 541 ps, which is crucial in practical event operation inside the gap. The results offer a new solution for temporal cloak.
Introduction
In resent years, temporal cloak has been widely studied both theoretically and experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It is an analogy with spatial cloak [11] from the space-time duality associated with diffraction and dispersion [12, 13] . The first experimental demonstration of temporal cloak is presented in an optical fibre-based system [2] . The split time lens uses four-wave mixing to impart nonlinear frequency chirp on the probe beam. The dispersive element accelerates the front part of the probe beam and slows down its rear part, creating a temporal gap of 50 ps. However, replicating the chirp discontinuity requires extremely high bandwidth suitable for telecommunications. To overcome the restrictions, one method for comb generation by exploiting a temporal version of Talbot effect is presented [5] . The continuous-wave input is converted into a broadband frequency comb, in which no discontinuity in the chirp rate is required. Yet in both cases the event is effectively erased from the 'history' recorded by the probe field. To solve this shortcoming, a temporal cloak is reported with the new capability not only to hide optical data, but also to concurrently transmit it along another wavelength channel for subsequent readout, masking the information from one observer while directing it to another [8] . Another temporal cloak based on tunable optical delay and advance is theoretically proposed by using an optical data stream as the probe light instead of continuous wave, creating a temporal gap of 39 ps [10] . In this system, the event occurs in the gap can be transmitted as a useful message to the receiver. Normally, the temporal gap need to reach the lever of nanosecond, then an event such as the modulator can be practically operated in the temporal gap.
For the various approaches to achieving temporal cloak, one of the key elements is to create a temporal gap by modulating the group velocity, which is mostly proceeded in fibre-based system [1, 2, 5] . However, it usually need high pump powers to produce large changes in the intensity-dependent refractive index, where other optical processes could limit the ability to achieve cloak. In our previous work, we have demonstrated the modulation of group velocity by applying an external electric field from subluminal to superluminal in z-axis electro-optic photonic crystal (EOPC) in theory [14] . Though slow light has been observed experimentally in y-axis EOPC [15], it did not provide the evidence of fast light.
In this letter, we presented a tunable temporal gap based on the simultaneous fast and slow light in y-axis EOPC. We verified the existence of fast light both in theory and experiment. By studying the relationship between phase shift (Φ) and phase-mismatching (∆β ), we found that the light experienced an anomalous dispersion near the transmission center and a normal dispersion away from the center, where fast and slow light occurred, respectively. We also obtained the switch between fast and slow light by adjusting the external electric field. The largest observed temporal gap is 541 ps, which is crucial in practical event operation. Figure. 1 shows the schematic of our temporal cloak system based on the simultaneous fast and slow light. The electro-optic photonic crystal, acting as the dispersion element, is constructed by applying y-axis external electric field on a z-cut periodically poled lithium niobate, where the optical nonlinearity can be modulated by the external electric field. Another key element of temporal cloak is time lens, which can produce a quadratic phase shift in time. It has been created by electro-optic modulation [13, 16] and nonlinear optics [17, 18] . We have widely studied cascaded second-order nonlinearities in our previous work [19] [20] [21] . It can be used as the time lens, since we have presented that the electro-optic effects and second-order nonlinearity can be implemented simultaneously by designing the periodical structure of the nonlinear crystal [22] . In our configuration, the first time lens separates the incident continuous probe wave Time lens is used to separate or restore the continuous probe light. The EOPC acts as the dispersion element due to the second-order nonlinear effect-Pockels effect. At E y =0.1 V/µm, λ + and λ − locate at the slow-and fast-light region, respectively. They are separated in time after the first EOPC, creating a temporal gap, where an event occurs. The second EOPC at E y =0.2 V/µm makes λ + and λ − locate at the reverse dispersion regions and closes the temporal gap by shifting its transmission. Therefore, the event in the temporal gap remains undetected.
System and theoretical analysis
λ 0 into two parts, λ + and λ − . Then they inject to the first EOPC (with external electric field E y = 0.1 V/µm) simultaneously, where λ + and λ − locate at the slow-and fast-light region of the transmission, respectively. After propagating through the crystal, the two waves are separated in time since λ + is delayed and λ − is advanced, which will create a temporal gap, where an event occurs. The gap is closed when the light passes through the second EOPC. Under E y =0.2 V/µm, the transmission spectrum shifted right (about 0.3 nm in experiment, shown in Fig. 3(a) ). The shift causes the change of phase shift, which makes λ + and λ − locate at the reverse dispersion regions (λ + → λ ′ + , λ − → λ ′ − , and λ + = λ ′ + , λ − = λ ′ − ). The second time lens restores the probe light to its initial state at λ 0 . Therefore, the event located in the temporal gap remains undetected, which is regarded as cloaked.
Here, we give the theoretical analysis of the temporal gap. When the external electric field is applied, the principle axes of the new index ellipsoid rotate with an angle of ±θ with respect to the unperturbed principle axes [23, 24] . If it occurs near the phase-matching condition, the energy of the incident fundamental extraordinary wave will flow to the generated ordinary wave and then it will flow back. The returning e-polarized fundamental wave (FW) will have a different phase from the original e-wave that does not deplete completely. The amplitudes of FWs are solved by the coupled-mode equation [23] , which are κ is the coupled coefficient; γ 51 is the electro-optic coefficient; E y is the external electric field, respectively. Then the phase shift impressed onto the incident e-polarized FW at the exit surface
And the transmission of e-polarized FW is T = cos 2 (sz) + [∆β sin(sz)/(2s)] 2 . . The light experiences an anomalous dispersion (dΦ/dω < 0) near the transmission center and a normal dispersion (dΦ/dω > 0) away from the center, where light can be accelerated and slowed down, respectively, due to the effective group velocity 1/V g = dΦ/dω/z. Therefore the transmission spectrum is divided into three parts. The fast-light region is near the transmission center and the two slow-light regions are near the transmission edge. The corresponding effective group index is inserted in Fig. 4. 
Experimental results and discussion
The electro-optic photonic crystal constructed in our experiment is with the domain inversion period of 20.1 µm and a dimension of 40 × 10 × 0.5 mm 3 . The light was launched from a continuous laser source modulated by an intensity modulator and a pulse function generator, by which we can generate the pulse of 1 ns. The incident optical power was 10 mW. First, we measured the transmission spectra under different external electric fields as shown in Fig. 3(a) . The central wavelength of the spectrum shifted about 0.3 nm when the external electric field was changed from 0.1 V/µm to 0.2 V/µm. The output signal waveforms for different fundamental wavelengths are plotted in Figs. 3(b)-3(f) , which corresponds to the points b(b')-f(f') in Fig. 3(a) , respectively. At 0.1 V/µm, points b, e, f are located at the slow-light region, while the other two points c and d are at the fast-light region. When the external electric filed raised to 0.2 V/µm, the five wavelengths had quite different behaviors. At 0.2 V/µm, points b, d and f are still in their original dispersion region. The external electric field only affected their degree of delay or advance (b→ b', d→ d', f→ f'). For point c, the pulse experienced a switch from an advancement of -66 ps to a delay of 252 ps due to the fundamental wave switching from the original fast-light region to the slow-light region (c→ c'). Similarly, point e switched from a delay of 98 ps to an advancement of -289 ps (e→ e'). Then we can calculate the delay-bandwidth product of this system, which is 12.6 ( ∆λ =0.4 nm at λ =1558 nm, ∆t=252 ps). To demonstrate the temporal gap, we measured the exact time for each wavelength to obtain a spectrogram of FW, which are illustrated in Fig. 4 . The largest temporal gap is 541 ps, creating from the advancement of -289 ps to the delay of 252 ps. The observed fast-and slow-light behaviors agree well with the simulation results that inserted in Fig. 4 . The temporal gap can be enhanced by employing waveguide structure devices. In addition, the incident optical power is only 10 mW, which limits the occurrence of undesirable nonlinear processes.
Conclusion
In conclusion, we demonstrated a scheme of tunable temporal gap based on simultaneous fast and slow light in electro-optic photonic crystals. We observed simultaneous fast and slow light as well as the switch between them. The temporal gap can be modulated by phase-mismatching and the external electric field. It puts forward a new solution for temporal cloak, controlled by external electric field instead of the light intensity. It also can find other potential applications in data processing and communication security.
